Sulphate deposition has decreased by about 60% in the Nordic countries since the early 1980s. Nitrogen deposition has been roughly constant during the past 20 years, with only a minor decrease in the late 1990s. The resulting changes in the chemistry of small lakes have been followed by national monitoring programmes initiated in the 1980s in Finland (163 lakes), Norway (100 lakes) and Sweden (81 lakes). These lakes are partly a subset from the survey of 5690 lakes in the Northern European lake survey of 1995. Trend analyses on data for the period 1990-1999 show that the non-marine sulphate concentrations in lakes have decreased significantly in 69% of the monitored lakes. Changes were largest in lakes with the highest mean concentrations. Nitrate concentrations, on the other hand, were generally low and showed no systematic changes. Concentrations of non-marine base cations decreased in 26% of the lakes, most probably an ionic-strength effect due to the lower concentrations of mobile strong-acid anions. Acid neutralising capacity increased in 32% of the lakes. Trends in recovery were in part masked by large year-to-year variations in sea-salt inputs and by increases in total organic carbon concentrations. These changes were most probably the result of climatic variations. Nordic lakes, therefore, show clear signs of recovery from acidification. Recovery began in the 1980s and accelerated in the 1990s. Reductions in sulphur deposition are the major "driving force" in the process of recovery from acidification. Further recovery can be expected in the next 10 years if the Gothenburg protocol on emissions of acidifying pollutants is implemented.
Introduction
Acidification of rivers and lakes is a major environmental problem in the three Nordic countries, Finland, Norway and Sweden, and has resulted in lost and damaged fish stocks and reduced biodiversity. In Finland, about 470 fish populations have been lost, in Norway about 5100 populations, and in Sweden about 1200 populations of brown trout, 1100 of roach and 1100 of perch population are estimated to be lost (Rask et al., 2000) . In 1995, the critical load for sulphur (S) was exceeded in 9% of the lakes in Finland (3000 lakes), 9% in Sweden (6000 lakes) and 27% in Norway (10000 lakes) (Henriksen et al., 1998) .
As a result of international negotiations under the United Nation Economic Council for Europe (UN-ECE) Convention of Long-Range Transboundary Air Pollution (LRTAP) (UN-ECE, 1994) emissions of S have been reduced by 50-60% in Europe since 1980 (EMEP 1998) . This has resulted in a marked decrease in S deposition; in the Nordic countries S deposition has decreased by about 60% since early 1980s (Kulmala et al., 1998; Tørseth et al., 1999) . Most of the decrease has occurred since 1990.
The three Nordic countries have extensive national networks for monitoring acid deposition and surface water quality (Johannessen, 1995; Mannio and Vuorenmaa, 1995; Wilander, 1998) . Systematic monitoring of small lakes has been conducted since the late 1980s. Results from the whole Nordic region have been combined to reveal trends over the large but continuous gradients in water chemistry and deposition patterns in these three countries. Here, trends in lake water chemistry for 344 lakes in Finland, Norway and Sweden for the period 1990-1999 are presented.
Materials and methods
The data used in this work are from national monitoring programmes in Finland, Norway and Sweden (Johannessen, 1995; Mannio and Vuorenmaa, 1995; Wilander, 1998) . The sampling and analytical methods are similar in the three countries.
The 163 Finnish lakes are usually (median size 10 ha) headwater or seepage lakes located in catchments with negligible agricultural activities. The lakes are acid sensitive with low base cation concentrations, low alkalinity and in some cases elevated labile aluminium (Al) concentrations. Samples are collected annually at the outlet after the autumn circulation period and analysed in the laboratories of Environmental Administration according to standardised methods (Forsius et al., 1990) .
The 100 Norwegian lakes are a subset of the 1000-lake survey of 1986 (Henriksen et al., 1989) and are acid sensitive, headwater lakes on granitic or gneissic bedrock with negligible local pollution sources. Lake water samples are collected annually at the outlet after the autumn circulation period and analysed at the Norwegian Institute of Water Research (NIVA).
The 81 Swedish lakes are located mainly in forested areas with no significant sources of local pollution. Most have low ion concentrations and are thus sensitive to acidification. The lakes are sampled four times a year in the middle of the lake, but only the autumn sample is used here. All analyses are performed at the accredited laboratory at the Department of Environmental Assessment, Swedish University of Agricultural Sciences.
All calculations and presentations of sulphate (SO 4 ) and base cations (BC) in this work are non-marine fractions. Non-marine fractions (denoted by asterisk) of SO 4 * and BC* in lake water are calculated under the assumptions that all chloride (Cl) in lakes is of marine origin (cyclic sea-salts) and is accompanied by other ions in the same proportions as in sea water. Non-marine base cations are taken here as the sum of non-marine calcium (Ca) + magnesium (Mg). The concentrations of organic anions (OA) are calculated from the empirical relationship between anion deficit and total organic carbon (TOC) in lakes in Norway (Brakke et al., 1987) . OA = 4 (TOC -1), where OA is in µeq L -1 and TOC is in mgC L -1 . Acid neutralising capacity (ANC) is defined as the equivalent sum of base cations (Ca + Mg + Na + K) minus the equivalent sum of strong acid anions (SO 4 + Cl + NO 3 ) (Reuss and Johnson, 1986) . As a consequence of the ion balance (SO 4 + Cl + NO 3 + HCO 3 + OA) = (Ca + Mg + Na + K + H + Al), ANC can also be expressed as the equivalent sum of (HCO 3 + OA) -(H + Al). Aluminium is the sum of positively-charged Al species.
Trend analysis for each lake and each relevant variable was analysed with the non-parametric tests given by Hirsch et al., 1982, which in this particular case is equivalent to the non-seasonal Mann-Kendall trend test and the Sen slope estimator. One limitation of the Mann-Kendall test (and its seasonal counterparts) is that it detects only monotonic trends; trends need not be linear, but they must proceed in only one direction (increasing or decreasing) to be detectable.
In brief, the Mann-Kendall test analyses the data within blocks and compares the rank value for a single observation. The signs (indicating whether the second observation in each pair-wise comparison is higher or lower than the first) for all pair-wise comparisons within each block are summed and a Z-statistic calculated as the ratio of the sum of signs divided by the standard deviation in the signs. The MannKendall test does not estimate the slopes of trends, but it has become customary to associate slopes calculated according to the method of Sen (1968) , which estimates the slope by calculating the median of all between-year differences in the variable of interest. A significance level of 0.05 is used in these tests. The trend analyses are performed on SO 4 *, NO 3 , Cl, BC*, ANC, H and TOC.
Results

SULPHATE
Non-marine sulphate showed significant decreases in 69% of the lakes for the period 1990-1999 (Fig. 1) . The largest decreases were found in lakes with the highest concentrations, although there is a large scatter in this correlation. The majority of lakes showed yearly changes in the range from 2-7 µeq L -1 yr -1 . Lakes in southernmost Sweden had changes up to 28 µeq L -1 yr -1 (Table 1) . , 15 are situated in southwestern Norway. Nitrate trends showed a mixed picture with no regional patterns (Fig. 1 ). There were, however, more lakes (n=50, ~15%) with decreasing trends than increasing trends (n=15, ~4%) (Table 1) , and most of these decreasing trends were in lakes in eastern Norway and Finland. The few lakes with increasing trends are scattered all over the region. There is a good correlation between median NO 3 concentration and trend slope. The decrease in NO 3 is most probably related to decreased nitrogen (N) deposition. The rate of change of NO 3 was very small (< 1 µeq L -1 yr -1 ) relative to changes in SO 4 * (Table 1 ). The decrease in NO 3 was, therefore, of little importance for trends in ANC.
NITRATE
BASE CATIONS
Concentrations of BC* decreased in 26% of the lakes and increased in only 3% (Fig. 2) . The changes in base cations show a regional picture with the largest frequency of decreases in Finland, less in Sweden, and only three lakes in eastern Norway. Of the 11 lakes with significant increases, seven are situated in western Norway. Most of the decrease in BC* was due to decrease in Ca. For lakes with concentrations of BC* < 200 µeq L -1
, there was a significant correlation between concentration and yearly change (r 2 = 0.42). Above 200 µeq L -1 , there is much scatter in the data (Fig. 2) . Lakes with a small decrease in BC* or even an increase were mainly those with low BC* concentrations and most of these lakes are situated in Norway.
CHLORIDE
Chloride showed a significant decrease over the 10-year period in a large number of the lakes (n=82, ~ 23%) (Fig.  3) . Also for Cl there is a strong correlation between median concentration and yearly decrease. The highest Cl concentrations are found in southern parts of Norway and Sweden. For most of the lakes (80%) with a significant decrease, the yearly decrease was < 5 µeq L -1 , while 17 lakes showed yearly changes in the range from 5 to 17 µeq L -1 (Table 1) . A few lakes show increased Cl; these lakes are clustered in central parts of Sweden and in northeastern Norway.
ANC
There was a general increase in ANC in the Nordic lakes (n=112, 32%) (Fig.3) . Only one lake showed a significant decrease. Most of the lakes with increasing ANC are in Norway and Finland. There is no good correlation between median ANC concentration and slope of significant trends. This is because ANC is a linear combination of base cations and Cl, SO 4 and NO 3 and consequently adds up all the variability (noise) in these variables.
Fig. 4. Maps of median concentrations (upper panel) and trends (lower panel) of TOC (BC*). For colour codes and description of the plots
HYDROGEN
Hydrogen decreased (pH increased) in many lakes (n=79, 23%), while only three lakes (all in Finland) showed increasing trends. The majority of lakes with decreasing trends are found in southern Norway.
TOTAL ORGANIC CARBON
Total Organic Carbon showed significant increasing trends in 12% of the lakes (Fig. 4) . The lakes with significant increasing trends are located mostly in southeastern Norway, southern Sweden and in a few cases southern Finland. Most of these lakes are characterised by moderate levels of TOC (1-5 mg C L -1 ).
Discussion
The Nordic lakes survey in 1995 (Henriksen et al., 1998) showed that the lake water chemistry in Finland, Norway and Sweden is dominated by low ionic strength (dilute) water, with low concentrations of nutrients (N and phosphorus (P) compounds). This is due mainly to low weathering rates, low intensity of agriculture and low population density. There are differences in the lake water chemistry over the Nordic region due to differences in hydrology, precipitation chemistry and amount, soil cover and vegetation. From the west of Norway to the east of Finland, there is a gradient from high to low precipitation and from mountainous areas with thin and patchy soils to forested areas with thick soils. This is reflected in clear water lakes with low input of nutrients, base cations and alkalinity in the western areas to brown lakes with higher concentrations of solutes in the eastern areas (Figs. 2 and  4) . Decreased deposition of SO 4 since the early 1980s has clearly resulted in large decreases in SO 4 * concentrations in lakes. Sulphate is the major driving force in changes in water chemistry in the three Nordic countries over the time period from 1990-99. The results from the Nordic lakes fit well with the other European scale assessments (Prechtel et al., 2001) .
Nitrate showed no regional patterns of change. This also conforms with the evaluation of N trends in surface waters in Europe (Skjelkvåle et al., 2001a . Wright et al. (2001) conclude that the overall lack of trends in NO 3 may be the result of two opposing factors; continued high deposition of N tends to increase the N saturation and give increased NO 3 concentrations in run-off, whereas the decline in N deposition over the past 5-10 years should give decreased NO 3 in runoff. The concentration of NO 3 in the autumn is clearly connected to biological activity, therefore, the likehood of detecting trends in NO 3 is low unless the trends are very strong. In addition, short and longterm variations in climate affect NO 3 concentrations in streamwater and thus contribute noise which may mask subtle long-term trends .
Concentrations of BC* have decreased significantly in one third of the lakes. The decreases are correlated to the decrease in SO 4 * (r 2 = 0.69, p < 0.01) (Fig. 5) . The most likely explanation for the decrease in BC* is the effect of reduced ionic strength (the salt effect of Reuss and Johnson, (1986)); lower concentrations of mobile strong-acid anions (SO 4 *) result in lower concentrations of cations. In addition, declining deposition of base cations and continued depletion of base cation pools in catchment soils will contribute to decreased BC* in the lakes. The F-factor (Henriksen, 1984) gives an estimate of the extent to which the change in SO 4 is compensated by change in base cations. The F-factor is defined as the ratio of change in BC* to change in SO 4 *. A low F-factor indicates that a small proportion of the decrease in SO 4 * is compensated by a decrease in BC* and consequently, a large increase in ANC. A high F-factor indicates that most of the decrease in SO 4 * is compensated by a decrease in BC* with very little change in ANC.
The Nordic lakes presented here have an average F-factor of 0.65 (only lakes with significant changes in both SO 4 and BC* are included in this calculation) (Fig. 5 ) and this suggests that BC* reductions have compensated for about 65% of SO 4 * reductions on average. The F-factor was developed in a situation when the acidification was increasing and it has also been a basis for calculating critical loads of acidity, e.g. the Steady-State Water Chemistry model (Henriksen et al., 1995, Henriksen and Posch, 2001) . The data presented here show that the F-factor can also be used successfully to describe recovery over a 10-year period with relatively large (significant) changes.
Chloride decreased in many lakes over the 10-year period. In the Nordic countries there are two main factors that cause high Cl concentrations; influence of sea-salts, and influence of old marine deposits (combined also with evapotranspiration). Sea-salt deposition may be cyclic over several years due to such things as regular changes of the North Atlantic Oscillation (Evans et al., 2001a) . Any given period of several years might be influenced by consistently declining or increasing sea-salts. The winter of 1993 in southern Norway had unusually strong storms and consequently unusually high inputs of sea-salts to lakes as much as 50 km from the coast (Hindar et al., 1994) . Southern Sweden was affected by a similar event in 1989, just before the start of the observation period (Fransen, 1990) . Such sea-salt-rich years had a strong influence on the trends for the 10-year period investigated. Much of the decreasing trend in Cl may be attributed to anomalous high Cl concentrations in 1993 in Norway and 1989 in Sweden. This does not, however, explain decreasing trends in some Finnish lakes; these may be due to a decline in Cl deposition. Kulmala et al., (1998) reported a 20% decrease in southern Finland from 1987 to 1996. The decrease in Cl came in addition to the decrease in SO 4 * and thus contributed to the increase in ANC in some lakes.
There was a widespread increase in ANC in the Nordic lakes over the 10-year period. The increase in ANC shows a strong correlation to decrease in SO 4 * (r 2 = 0.43, p < 0.01) (Fig. 5) . A slope of -0.36 implies that, on average, approximately 35% of the observed reduction in SO 4 * has led to increased ANC. As a consequence of ionic balance, these changes in ANC must be manifest as increases in OA or HCO 3 , or decreases in H and Al or a combination of these.
Hydrogen showed a significant decrease in many of the lakes, although the rate of change was very small. Due to the use of different analytical methods in the three Nordic countries alkalinity (as measure of HCO 3 ) and Al data are not treated in this work. Results from previous work from Finland (Mannio, 2001) , Norway (Skjelkvåle et al., 2001b) and Sweden (Wilander, 1998) , however, show that alkalinity has increased and Al has decreased in lakes. For lakes with pH > 5.5 the increase in alkalinity is most probably due to increase in HCO 3 , but the increase in TOC and decrease in Al may also contribute to the increasing alkalinity.
Total organic carbon concentrations increased in many lakes in the Nordic region from 1990-99. Similar increases in TOC have been reported from upland freshwaters in the UK (Evans and Monteith, 2001 ). The most likely explanation for the observed changes in TOC is regional changes in climatic factors. High TOC lakes in Finland generally show no trends in TOC and this suggests that there is presently no strong unidirectional, year-to-year hydrological or climatic factor affecting the Finnish lakes. The regional pattern of increase in TOC may also be a biproduct of recovery. Increase in TOC will contribute to the increase in ANC. The changes in TOC, however, have given rise to only small changes in OA relative to the changes in SO 4 *.
The general patterns described here for the Nordic region are also seen at sites throughout Europe (Evans et al., 2001b) . Recovery of surface waters began to be manifest in the 1980s and has accelerated in the 1990s (Stoddard et al., 1999) . Further improvements in lake chemistry can be expected in the future if the measures specified in the Gothenburg protocol to the LTRAP convention are carried out. The Gothenburg protocol will entail an 80% decrease in SO 4 deposition and 50% decrease in N deposition by the year 2010 relative to the base year 1980 (UN-ECE, 1999). Measurements carried out by EMEP indicate a 20% decrease in SO 4 deposition in the 1980s and a further 40% decrease in the 1990s (Tarrason and Schaug, 2000) . Thus, there remains only a further 20% reduction expected to the year 2010.
Most of the recovery expected in lakes in Finland, Norway and Sweden may have already occurred. The additional 20% decrease in SO 4 deposition over the next 10 years will cause additional improvements. Over the long term a replenishment of the pools of exchangeable base cations in the soils will also give increased ANC. Dynamic models of soil and water acidification can be used to predict future trends in recovery.
Uncertainties in future recovery of Nordic lakes lie in the roles of N and climate change. In most lake-catchment systems today, the majority of inorganic inputs of N in deposition are retained. In the 1980s there was concern that the observed doubling of NO 3 concentrations in Norwegian lakes might indicate that the ability to retain N was becoming depleted (Henriksen et al., 1988) . The data presented here for the 1990s, however, show no further increases and thus "N saturation" appears to be a very long-term process in these areas.
Future climate change can influence acidification status and trends in lakes. Nitrate concentrations, sea-salts and TOC concentrations are clearly affected by year-to-year variations in climate. Data from the UK Acid Water Monitoring Network exemplify such relationships .
Recovery of biological components of lake ecosystems will, of course, lag behind the recovery of water chemistry. Climatic extreme years can result in extremes of low ANC, with "setbacks" to ongoing biological recovery. At present there appear to be only a few documented cases of biological recovery in lakes in Finland, Norway and Sweden (Wilander and Lundin, 2000) . Continued monitoring of acid deposition, water chemistry and key biological parameters will provide the evidence that the large-scale and dramatic reductions in emissions of S and N that have occurred in Europe over the past 20 years have indeed resulted in the desired improvements in lake ecosystems.
